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Microclectromech  anical s e n s o r s ,  A1)XI,50 a n d
XMMAS40G  accelcrorncters  whit}] are fabricated with surface
micrornachininp, techniques are characterized for total dose
r’adialicm.  An unusual failure n~echanism that appears to bc
associated with the sensor was observed and presented in this
paper.

1. Introduction

Microclcctrorncchanical  systems (M ILMS) are new tech-
nologies with a wide range of applications; automotive, bio-
medical instr’un~cntation,  andscicntifjc.  It isa  technology that
combines electronics and micromec.hanical devices in one pack-
age. ‘1’hc growth of MIIMS has attracted a broad range of
research andindrrstr yin[erests.  ‘J’hernost  important application
of MI IMS, so far, is in the microscnsor area, such as pressure
scnscrrs, chemical sensors, ancl accelerometers.

MIIMS technology is particularly attractive to space sys-
tems. It promiscstop lay a crucial role in fl]tllre]lli]liat~]rizcci
sprrcecraf(,  such as ti]ose pianned by New Miiienniurn  Program.
‘1’his paper presents total dose test results for two MliMS
accelerometers, Anaiog  IJeviccs  AI) XI ,50 anti Motorola
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l’igure  1. l’unctionai  biockdiagrarn  of Al) XI,50,

‘1’IIc work dcscritwd  ia this paper ~vas carried oot by the Jet I’mpulsim]
laboratory, (’alirorr}ia Ills(ilulc of ’1 ’ccllnolrrgy,  lirlcicr corltract ~$,ittltllc
N:\ti{,i~i\l Acrc,]\;]~ltics  zirId SI~acc Adrl]it]is[rtitiorl  (ocie Q. Work fundcdby
tllc NASA Niicroclcckonics Spacc Radiation liffcc[s l’rop,r:iln  (MSi{l:l’).

XMMAS40G.

Ii. l)cvicc  l)escriJ>tions

‘1’hc anaiog devices A1)X[  ,50 is a micro elcctromcci]anicai
sensor which measures up to f 50 g acceleration on a sing,ic
monolithic integrated circuit. As shown in l~igurc 1, it contains
a polysilicon  surface-micro machined sensor and signal condi-
tioning circuitry. It uses a differential capacitor sensor consist-
ing of incicpcncicnt  fixcc! piates  and a movabic floating central
plate which deflects in response to changes in relative motion.
“l’he sensor element and electronic circuitry were fabricated with
a IliC.MOS process. l’he acceleration sensor contains 42 unit
ceiis and a common beam. F’igurc 2 is a scanning ciectron
microscope (SI{M)  picture of t}~c AIJXI ,50 sensor at rest (O g).
‘i’he outer two cai>acitors  are series connected, forming a capaci-
tive dividel  with a con]mon movabie central plate. When an
acceleration is applied, tile common central plate (beam) moves
closer to one of the fixed piatcs  while  movin~ further from the
other. The output amp}itude increases with the amount of
acceleration appiicd  at the serlsor.

l~xtcrnal resistors were useci  to set the gain and offset ofthc
internal buffer amplifier to provicie 1.5 V to ~.s V full scaic
output range. The device sensitivity is 19 n]V/g  anti the fuii  scaie
output swing is i 0.95 voits for d 50 g acceleration. I’he m-o g

IFig,ure 2. A SI;M photograph of the sensor at rest,



. oulpat Icvcl of the prc-wnplificr (Vpr) is -11.8 volts.

Motorola XMMAS40G  is a silicon capacitive, n~icro-n]a-
cllincci accclcronlctcr.  11 consists of a single polysiliccm scisnlic
n]ass  which suspends bctwccn two fixed polysilicon  plates (G-
Cell). “1’hc (i-cell is scaled at the dic ICVCI,  creating a par[iclc-
frcc cnvironnlcnl.  ‘1’hc fal]-scale nlcasurctncnt  is ~ 40 g and the
sensitivity ofthc  clcvicc is35n~V/g.  “1’hcdcvicc is fabricated with
[i c o m m e r c i a l  CMOS  p r o c e s s .

1 I I . ‘1’cst  Sctllp

A special tcsI set-up cnlploying  a variable speed rotating
art]) was fabricated using,  a slip-riag  asscn~bly, CIC n~otor, and
olhcr cqaipnlcnt  to nlcasurc  lhc linearity ofthc sensitivity ofthc
accclcronlctcr.  ‘1’hc dcvicc under test was located at onc end of
a 10“ rotating, arn~, ‘1’hc output voltage, rcfcrcnet  voltage, aad
Vpr were nlcasurccl at various acceleration Icvcls with an
1 II)34S8A precision I)MM. Negative g ICVCIS can bc nlcasarccl
by chang,ins,  the clcvicc orientation 180° at the cncl of the 10“
arm. A dctiiilcd  diagtanl ofthc tcsl apparatas  will be incladccl
in the final  paper.

]V. “]’CSt  ]< CSLl]iS

a) Analc)g l~cviccs  AI)XI ,50

(’OIYI[(-  607 i’.vl  Re.wll,v

lXwiccs  were irracliatccl at a dose ralc of 2?5 racl(Si)/s in a
static (non-rotating) condition. At ICVCIS bctwccn 5 and 20
kracl(Si) tl~c clcwicc  continued to operate normally, with  a slight
shift in output voltag,c  and slope. At higher ICVCIS, an unasaal
failarc  n]oclc  clcvclopccl, as shown in IFi.gurc  3. ‘1’hc oatput
voltage was initially stack at a low voltage (SO mV).  It rcn~ainccl
s[ack  when the clcvicc was accclcratcd  to g-levels bc.low 30 g.
I lowcvcr,  nornlal  operation could bc restored by accelerating
tbcnl to a saflicicnt  high g-level (apprwxitnatcly  30 g), ‘1’hen,
clcviccs  tcnlainccl  fLlncticnlal fronl  -1 SO g ICVC1 to -50 g lCVCI as
long as the clcvicc power sLIpply was on. 1 Iowevcr, once the
power supply vc)liagc was rcnlovccl,  the output voltag,c  rcvcrtcd
to the stack nloclc. Nornlal  opcra(ion  could ap,ain bc restored by
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lrig,ure  3. Al)X] ,S0 }lI)R 125 rad(Si)/s]  tcsl rcsalt,

accclcrati]lg the clcvicc to 30 g, btlt Ihc dcvicc always returned
the st Lick n)odc once power was renlovccl,

As shown in l’igLltc 1, the pin configuration of this circuit
allows separate n}casatcnwnts  of the bLlffcr anlplificr.  ]nput
offset voltage, input bias current, and output voltage of the
outpat buffer anlp]ificr  were rncasurcd, hut insignificant degra-
dation was observed during irracliation. ‘1’hc 3.4 V rcfcrcncc
vol[agc showed no degradation at all.

IUcc.trical  parameters ofirradiatccl  devices did not show any
indication of annealing af[cr 24 l~ours at roon~ tcn~pctatL~rc,  after
thcywcrc  irradiated to25 kracl(Si). I Iowcvcr,  a device recovered
fully after 144 hours at 100 T. ‘Ibis clcvicc was irraciiatccl
farlhcr  to observe the failure nlechanistn  at higher total dose
Icvcl, ‘1’he dcvicc was functional until it was exposed to an
additional 15 krad(Si),  40 krad(Si)  total. It failed sitnilarly  as
before, bLlt in this case it rcc.ovcrcd  within 1 hour at rootn
tcnlpcralLlrc  annealing, ‘1’hc other clcvicc was subjcctcd  to 168
hoLlr of 100 T annealing period to observe any rebouncl effects.
1 Iowcvcr,  no rebound was obscrvccl.  ‘1’bc annealing test rcsalts
in~ply  that this IliCMOS accclcrotnctcr  should withstand n~uch
higbcr t otal CIOSC irrac] iat ion at a low dose rate, ancl  Iow dose-rate
tests arc in prop,rcss. “Ihcy will bc includccl in the final paper.

A stalic factional test was pcrforn~ccl  using the self-test
function. ‘Ibis  test can bc USCCI  to verify the functionality ofthc
dcvicc statically when the dynanlic  linearity test systcro is not
avai]ab]c. When ]op,ic hip,}] vo]tagc is app]icd  to the self-tcsl
inpat, an electrostatic force is app]iccl  to the sensor so that the
scnsorwill  bc in the negative full-scale output state (-5o p, lcvc1).
A correctly functioning accclcronlctcr  will respond by initiating
aboat  - ] vo]t oLltpat change at Vpr. ‘1’hc output will return to O
g ICVCI when tbc self tcsl inpLlt Icvcl goes low. l;igurc  4 shows
test resalts of a control dcvicc and irradiated clcvices  at 25
kraci(Si) using the self test function. ‘1’hc plot of Vpr and Vout
ofthc control dcvicc (clottccl line in l~igurc  4) indicates that the
clcvicc  func(ions properly. Vpr of irradia[ccl clcvices  degraded
significantly after 20 kracl(Si), 1 lowevcr,  they still rcxponded to
applied voltage at the self-tcs[ inpLlt. ‘1’hc outpat of oac dcvicc
(solid line in F’ig,urc 4) shows a partial functionality when the

3 .5WJ V())ll /tulinl&yiO&/i(#k’11
.8.

3 (O3 ,.. ”

~1

““”” ‘)’”..  [ ..’ ’’’”’ ’as ’’’’” ’’’... .,.,

~ 2 5(K) . ..”
Voul (cxm[rul  mi’1)..., ,..”” . . .

~J+ ●

0 2 (m
~’ ., ,,B.
~ 1503( 1 “’. .,

,,.
Vp (cmol Llllil),,., ” ““’.,.

>
,,.

,. ,.,
. . .+’ .“’

,,,
1 w)

. ..+ ,...,. ,.,. . ~ Ijn . . . .*
o w)

0 (m - - - - -  - - - ,-_-.. A!!??; ah!?-----  - - - - - - - -

0 v Sv OV 5 V Ov

Vdt<lpc  at w r:! M I 511

l~igurc4. Sclf-testf  l]l~ctiol~altc stofcolltrol~l llital~dtwo
failed dcviccs;  OIIC dcvicc was partially functional; the
other dcvicc was s(ack low.
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I:igurc  5. AI)XI ,50 Vpt aad Vrcf clcgradatioa

self-test input is high (5 V), but it was non functional when the
sclftcs[  input is low (O V). ‘1’hc output ofaaolhcr  clcvicc  stuck
al low (dashed ]iac in l;igurc  4) aad dicl not respoadcd  to the sclf-
tcsl inpui  ai all at 25 ktad(Si).

‘1’hc iatcraal reference voltage aad the buffer  atnplificr
SI1OWCCI insigaificaat  dcgradatioa  duriag total dose irradiation.
1 IOWCVCI, the output voltage ofthc prc-atnp]ificr,  Vpr, dcg,radcd
sig,nificautly  wi~h radiation and showed rapid annealing aficr
llipl~-tcl~ll}cratlirc  aaacaliag period, although it did not aaacal
at rooa~ tcn~pcraturc, It is shown ia }~igurc 5. Note that the prc-
ampli[icr and the output hufrer  aalplificr arc idcatical  op-amps.
II is clear that whca Vpr degrades and rcachcs  a ccrtaia value,
below 1.5 V, lbct)  the dcvicc is non fLlaclional. ‘1’hc 3.4 V
tcfcrcacc  voltage output chaagccl less thaa 1 tnV af[cr irradia-
tion, as shown in l;igurc  5,

Af[cr high tcn~pcratarc aaacaliag,  Vpr values rccovcrccl to
the initial Values ancl dcviccs  fLirlctio!lcd propcr]y. “1’his  aaneal-
iag behavior itlclicatcs that clcctroaic  circuit dcgradatioa  causecl
lhc Vpr-rcl:itccl  failure after irradiation rather than the elcctro-

50 ktad(Si)
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Comparison of results with  whole-chip aad
loc.ali~,cd irradiation of the sensor.

SJIIM lrtdiatiotl Rcsul!

A SI;M irradiation tcchaique was used 10 irradiate only the
sensor  porlion  of the AIJXI ,50 usiag a nlcthocl JwcviousJy
dcvclopcd  [2-4].  “Ihc CIOSC rate of 1 krad(Si)/s  was calculated
based on the area of the scasor  which was to bc irradiated aad
bcaa] curt cat was set accordingly with the 30 KcV bcanl voltage.
(I)ctaiJs will bc iacludcd ia the final  paper.)

‘1’hc liacarity curve of the dcvicc  did aot show aay
nonJincaritics  up to the close ICVCI of 50 krad(Si).  1 Iowcvcr,  it
showcci  offset errors, in other words, the curve shifted up aloag
the y-axis as ia l~igarc 6. Note that the hysteresis like response
whca the WI1OIC dcvicc was irracliatcct  as shown in I:igurc  3 was
not observccl whet) the oIIly  sensor was irradiated. I’hc  Iincarity
carve shifted up to the fiaal  dose ICVC1  of 50 krad(Si).

Vpr also sbowcd significant dc.gradatioa  clariag S1;M irra-
diation aocl it is shows in l;igure  7. Vpr chanp,cd  frotn 1,765 V
initial value to 0.826 V at SO krad(Si)  and the dcvicc was still
fuactiona] at the Jow value of Vpr ualikcthc  total dose test results
when the wI101c dcvicc  was irradiatccl. AfLcr 50 krad(Si)  of Sl~M
irradiation, the Vpr was Jcss than 1 V which nlcatls that the self
test fuactioa  woulcl  fail at this lCVCI of radial ion. Vpr of 0.826
VchaagecltoO.132 V when a logic high is aJ~J~liccl  at the sclftcst
iaput, the Vpr shoulcl  bc reducccl  fllll OIIC volt. la this ci~sc the

VJ~r rcachcd the saturation lia~itatioa  aad failccJ the self test
fuactioa test, I Iowcvcr, the overall traasfcr  curve of the dcvicc
outpLlt stiil  reajaiacd fuactioaa] a s  s h o w n  in f:i.gLlrc 6 cvca
though the self test function test Pdilccl.

b) Motorola XMMAS40G  Accclcroalc(cr

lligil  I)ose  Rate 7 tist Rcsl(lt

‘1’his CMOS fi~bricatcd dcvicc exhibited salall charlgcs  ia
the oLllput  g-level rcsJ~onsc  at low total dose lCVCIS, hut failed
fuac.tioaalty  at 4 krad(Si). ‘1’hc output of the device stack at high
Icvcl (4.86 V) as shows in I;igurc  8. Ikviccs did not show aay
indication of anncaliag  duriap,  24 hours at roon] lcaq>cratLa’c.
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1 lowcvcr, the output changed to 2,7 nlV and dcvice~vas)~o}~ftlr~c-
tional aflcr  168 I]OUIS 100 ~ annealing.

After the high [empcra[urc annealing tes[, a pcculiat  pos[-
irrwiiation  lock-up condition was observed for this ckwicc.
When a clcvicc was accelerated 10 aboLll  40 g ICVCI and staycci
about  2.0 seconds, the ou[pu[ jumped back 10 3.505 V which
indicalcs Ihal lhc dcvicc is nonfunctional. ‘1’hc sL]pply current
incrcascd 10112 nlA.  “llc non] inal supply current was about  3.s
n]A thtoughoul  fLt]] scale crutpLIl g-lcvck.  ‘1’hen, the powct
supply was rcn~ovcd and applied forscvcral  seconds. ‘1’hc  ou(put

st ziyccl  at 27 n\V and the supply current was 3.03 n) A. ‘1’hc power
supply was turned on ancl off several tin~cs to nlakc sLlrc the
oulpu( w:is in stable  n)oclc. Ag,ain, the clcvicc was spua  Up to
abou(  40 g ICVCI,  then, the dcvicc output incrcascd to 3.588 V and
the supply cur’rcni jutnpcd  up to 1 ] 3.7 nlA.  ‘]’o clear this nlodc,
the power had to bc rccycicd  and the output rcturnccl to 27 nlV.

‘1’llis  is an unusual failure nlcchanisal  ofa (lMOS  dcvicc duc
to a con~billa[ion  ofradialion danlagc and annealing. When the
dcvicc is in high g-level nlodc, the dcvicc star[s drawing
lr’clllcIIdous anlounl of current and lhc ou[pLIt stacks  at hi~h
Icvcl. ‘1’his appears to bc an effect ofthcnlicrotncchanical  sensor
and (UM(N  electronic conlponcnts  interaction. I)cviccs  were
dclicldcd for SIIM  analysis. None of the dcviccs  functioned after
dc]iddiag. ‘1’hc  (Iic  WrIS  100  clclicalc to touch a n d  none of the

cicl idding atktupts  sccnlcd to work  successfully. We arc in the
process of p,c[ting  a die sanlplc fronl Molorolato  analyxc  and the
final  papcrwill incluclc furiherwork  on the unusual failure nlodc
ofthis dcvicc.

V.  I)iscussion

1.ocal izcd irracliat ion of the sensor clcnlcnt  in the AIIXI 30
shows that the scnscw  is affcctcd by radiation, as well as the
peripheral clcctronics. “I’hisnla ybccausc  dbycl~argcbuildup
inthcpla[cs ofthcscnsor  capacitor array. Morcdc[ailswillbc
included in the final paper, along with rcsu]ts of irradiation at
low dose ralc.

‘1’hc failure n~odc ofthc (:MOS  dcvicc was also con]plcx,
althoagll it failed at a fi~r lower Icvcl than the IliC~MC)S  dcvicc.
1,OW dose-rate tests arc also in progress for this clcvicc type in

order to dctcrminc if the stuck-low n~cc.banisnl  t}lat \vas ob-
scrvccl after high tcn~pcraturc anncalin~,  also occurs at low dose
rate.

‘1’hekcy issue forthcscdcviccs istounclcrstancl  howthc
sensor technology and cicvicc architecture affect the rcsL]lts.
]nitia]  tests sLlgg,cst  tbal the interplay ofthc  sensor and electronic
dcviccs  affects botbpar[typcs.  ‘I’hiswill bcfur[hcr s[udicd for
the final paper.
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‘1’hc two n~ircroclcctronlcchan ical sensors that arc dis-
cussed in tl]cl~aj>cr sllo~~tltlllst]al  failurcn~odcs when they arc
subjcctcclto  iol~i~itlg,r acliatiol). ‘1’hc Ili~M[)S dcvicc functions
at n]uch hip,llcr radiation Ievcls than thcscnsortt)at  is fabricated
with (IM[)S tccllnology,  although the two dcviccs  also usc
cliffcrcnt  sensor designs and device atchitccturcs.


